Macrophagetropic R5 human immunodeficiency virus type 1 (HIV-1) isolates often evolve into dualtropic R5X4 variants during disease progression. The structural basis for CCR5 coreceptor function has been studied in a limited number of prototype strains and suggests that R5 and R5X4 Envs interact differently with CCR5. However, differences between unrelated viruses may reflect strain-specific factors and do not necessarily represent changes resulting from R5 to R5X4 evolution of a virus in vivo. Here we addressed CCR5 domains involved in fusion for a large set of closely related yet functionally distinct variants within a primary isolate swarm, employing R5 and R5X4 Envs derived from the HIV-1 89.6 PI quasispecies. R5 variants of 89.6 PI could fuse using either N-terminal or extracellular loop CCR5 sequences in the context of CCR5/CXCR2 chimeras, similar to the unrelated R5 strain JRFL, but R5X4 variants of 89.6 PI were highly dependent on the CCR5 N terminus. Similarly, R5 89.6 PI variants and isolate JRFL tolerated N-terminal CCR5 deletions, but fusion by most R5X4 variants was markedly impaired. R5 89.6 PI Envs also tolerated multiple extracellular domain substitutions, while R5X4 variants did not. In contrast to CCR5 use, fusion by R5X4 variants of 89.6 PI was largely independent of the CXCR4 N-terminal region. Thus, R5 and R5X4 species from a single swarm differ in how they interact with CCR5. These results suggest that R5 Envs possess a highly plastic capacity to interact with multiple CCR5 regions and support the concept that viral evolution in vivo results from the emergence of R5X4 variants with the capacity to use the CXCR4 extracellular loops but demonstrate less-flexible interactions with CCR5 that are strongly dependent on the N-terminal region.
Macrophagetropic human immunodeficiency virus type 1 (HIV-1) strains that use CCR5 for entry (R5 strains) are responsible for most person-to-person transmission events and for the early and maintenance phases of infection, while later stages of disease are characterized by the frequent emergence of variants that use CXCR4 in addition to or instead of CCR5 (dualtropic R5X4 or T-tropic X4 strains). Acquisition of the ability to utilize CXCR4 is an important event, since it is strongly associated with accelerated disease progression (21, 22) and may play a causative role (2, 6, 17) . Thus, the structural basis for the R5-to-R5X4 transition in vivo has important implications for pathogenesis.
Naturally occurring HIV-1 isolates require that Env bind to CD4 prior to interacting with the coreceptor. CD4 binding leads to structural changes in gp120 that create or expose a previously obscure region, termed the bridging sheet, which is a principal site of contact with the chemokine receptor (23) . In addition, the gp120 hypervariable regions largely determine which coreceptor can be utilized by each Env. Conversely, multiple regions of the chemokine receptors have been implicated in their association with gp120, and the molecular interactions underlying CCR5-gp120 interactions are complex (reviewed in reference 15). Importantly, a few mapping studies compared the R5 and R5X4 strains and suggest that these variants may utilize distinct regions of CCR5. Based on mutant and chimeric CCR5 molecules, both the N-terminal domain and the extracellular loops of CCR5 appear to function independently to mediate viral entry, while, in contrast, R5X4 strains appear to be more constrained in their ability to tolerate structural variations in CCR5 (3, 12, 28, 30) . These observations have led to a hypothesis that multiple sites of interaction occur between CCR5 and R5 strains, and as a variant acquires the ability to interact with CXCR4 it relinquishes some sites of interaction with CCR5 (25) .
A limitation of these coreceptor mapping studies, however, is that they have relied mainly on a small number of unrelated HIV-1 isolates. Thus, it is uncertain whether different structural determinants were identified because different viral strains were tested or whether they are actually due to the R5-to-R5X4 phenotypic changes that emerge within an infected individual. To address this question, we examined the structural determinants of CCR5 use among a set of closely related but genetically and functionally distinct env variants that we cloned from the viral quasispecies of the dualtropic primary isolate 89.6 PI (31) . This viral swarm, from which the prototype 89.6 mc proviral molecular clone was obtained (9) , contains both R5 and R5X4 env species that display a high degree of genetic relatedness (97% amino acid homology) and likely represent different stages of virus evolution in vivo.
MATERIALS AND METHODS
Molecular cloning of env gene variants. The 89.6 PI primary isolate was obtained from blood of an individual with AIDS and amplified in seronegative peripheral blood mononuclear cells for approximately 2 weeks before a genomic library was obtained. The full-length proviral molecular clone 89.6 MC , widely used as a dualtropic R5X4 prototype, was generated from this library by lambda phage cloning (9) . High-fidelity PCR was then used to make full-length (2.5-kb) functional env clones from the remaining 89.6 PI genomic library (31) . To ensure that each env gene represented a distinct proviral molecule, separate aliquots of template DNA were amplified in independent PCRs, and only one env gene from each amplification reaction was utilized. env clones were ligated into pCR-Blunt (Invitrogen, Carlsbad, Calif.) downstream of the T7 promoter. For clarity, the primary isolate swarm is referred to as 89.6 PI , the prototype R5X4 env gene from the full-length infectious molecular clone is referred to as 89.6, and each independent env clone is designated by a number. The V1-C5 sequences of each env gene were determined by automated sequencing of both strands and sequence analysis carried out using MacVector software (Accelrys Inc., San Diego, Calif.).
CCR5 chimeras and mutants. Reciprocal chimeras between CCR5 and CXCR2 were used in which the N-terminal (NT) and extracellular loop (ECL) domains were exchanged at the conserved Cys20 as described previously (12) . CCR5 N-terminal deletion mutants were utilized that lack the N-terminal 4 (referred to here as Ϫ4; previously called C25-17), 8 (30) . A triple substitution mutant involving the first, third, and fourth extracellular domains was tested (CCR5 11/197/276) in which Ala was substituted for Asp 11, Lys 197, and Asp 276 as previously described (12) . A panel of chimeras in which extracellular regions were exchanged between CXCR4 and CXCR2 has been previously described (25) . Of note, in the context of previous studies evaluating prototype HIV-1 strains, these chemokine receptor constructs have been shown to be expressed in QT6 cells at levels similar to those for the wild-type chemokine receptors (12, 25, 30) . We also used a panel of chimeras generated between human and rat CXCR4, which has been described as well (5) .
Coreceptor fusion analysis. Effector 293T cells were infected with T7 polymerase-expressing recombinant vaccinia virus vP11T7gene1 (1) and then transfected with plasmids encoding env genes under control of the T7 promoter. Wild-type or mutant CCR5 expression plasmids were cotransfected along with CD4 and a T7-driven luciferase reporter plasmid into target quail fibrosarcoma QT6 cells. The cells were incubated overnight in the presence of rifampin and Ara-C to inhibit vaccinia virus replication, following which effector and target cells were mixed. Six hours later the cells were lysed, and luciferase activity was measured in cell lysates as an indication of cell-cell fusion. Details of this cell-cell fusion assay have been published previously (12, 31) . To ensure that coreceptors were expressed at equal levels for each Env being evaluated, target cells were transfected in bulk and then distributed among the Env-expressing cells. Negative controls in each experiment included effector cells transfected with empty vector instead of env and target cells transfected with CD4 but no chemokine receptor.
RESULTS
Role of CCR5 N-terminal and extracellular loop regions for R5 and R5X4 89.6 PI variants. Previous studies have addressed the CCR5 domains utilized for fusion by R5 and R5X4 strains (16, 28) , but comparisons between a limited number of prototype isolates cannot distinguish strain-specific differences from those linked to phenotypic evolution in infected individuals. In order to compare naturally occurring, genetically related Envs with distinct phenotypes that reflect the range of coreceptor tropism associated with evolution in vivo, we analyzed a set of env genes cloned from the 89.6 PI primary isolate viral swarm. This isolate was derived from an individual with AIDS (9) and contains a spectrum of variants with R5 and R5X4 phenotypes (14, 31) . To assess the relative importance of the CCR5 NT and ECL regions for fusion by these Envs, we used a pair of reciprocal chimeras generated between CCR5 and CXCR2, which does not support fusion by HIV-1 Env glycoproteins. These chimeras retain the conserved Cys residue in the N terminus (residue 20) in order to maintain maximal structural integrity (12) . The ability of each Env variant to fuse with the chimeric chemokine receptor/CD4 complex was assessed in a cell-cell fusion assay. Efficient fusion with a mutant coreceptor was defined as Յ50% compared with that for wild-type CCR5 for each particular Env.
All Envs including the prototype R5 isolate JRFL, the 89.6 R5X4 prototype, and 89.6 PI -derived variants fused with cells coexpressing CD4 and CCR5 but not CXCR2. As shown in Fig. 1 , when the CCR5/CXCR2 recombinants were tested, JRFL fused efficiently if either the N-terminal CCR5 domain was combined with all three CXCR2 ECL in 5BBB or all three ECL of CCR5 were present with a CXCR2-derived N terminus in B555. This result suggests that JRFL can independently utilize determinants in the NT and ECL regions of CCR5 when placed in the background of CXCR2 and that neither alone is essential. In contrast, the R5X4 89.6 prototype was absolutely dependent on the N-terminal domain of CCR5, since it fused only with wild-type CCR5 and a chimera containing the CCR5 N terminus (5BBB) but not with a molecule containing intact CCR5 ECL regions but a CXCR2-derived NT (B555). This result is similar to previous reports suggesting more restricted NT-dependent CCR5 determinants for R5X4 than R5 variants (12) .
We then addressed the phenotypically divergent variants of 89.6 PI . All four R5 Envs fused efficiently with both 5BBB and B555 (Fig. 1A) , like JRFL but distinct from 89.6, which indicated that they also can use either NT or ECL determinants within CCR5. In contrast, the R5X4 variants analyzed resembled the prototype R5X4 89.6 Env, since the CCR5 NT domain was required for efficient fusion when placed in the context of CXCR2 (5BBB), and the CCR5 ECL regions combined with a CXCR2-derived N terminus (B555) did not support efficient fusion (Fig. 1B) . Thus, despite their close genetic relatedness, R5 variants of 89.6 PI more closely resemble JRFL in their redundant use of the NT or ECL region of CCR5, while R5X4 variants are highly dependent on the NT CCR5 domain.
Of note, while the R5X4 env genes were clearly distinct from the R5 variants, some heterogeneity was evident, since levels of fusion with chimera B555 ranged from approximately 10 to 30% of the level seen with wild-type CCR5. Thus, although there exists a clear distinction between the phenotypes, some R5X4 Envs exhibited slightly more flexibility than the prototype R5X4 89.6 Env. We found no correlation between the degree of B555 use and the relative efficiency of CXCR4-mediated fusion (Table 1) .
Utilization of CCR5 deletion mutants by 89.6 PI R5 and R5X4 variants. The results with CCR5/CXCR2 chimeras suggested that R5 variants of 89.6 PI could fuse if either the NT or the ECL domain of CCR5 was present, while R5X4 variants absolutely required the CCR5 NT. However, chimeric coreceptors cannot distinguish between regions that are dispensable for function (e.g., the CCR5 NT for R5 variants) and those that share sufficient structural homology between parental molecules to enable function. Therefore, to more directly address the relative requirement for the CCR5 N terminus, we tested a series of truncated molecules in which 4, 8, 12, or 16 residues were deleted from the CCR5 N terminus (Fig. 2) . We selected this set of mutants because in prior studies, prototype R5 Envs like JRFL, ADA, and SF162 appeared to tolerate deletion of up to 16 N-terminal amino acids for fusion, while the R5X4 89.6 prototype was unable to utilize CCR5 that lacked 12 or more amino acids (25, 30) .
Eliminating up to 16 N-terminal residues of CCR5 had little effect on fusion mediated by the prototype R5 Env JRFL (Fig.  2) . In contrast, the 89.6 R5X4 prototype tolerated truncation of up to eight amino acids, but luciferase expression was reduced nearly to baseline if 12 or more residues were deleted. We then tested the naturally occurring variants from the 89.6 PI swarm. For this analysis, we assessed the full panel of fulllength fusion-competent R5X4 and R5 variants cloned from the 89.6 PI swarm. As shown in Fig. 2A , the four R5 Envs all retained most efficient fusion even when 12 or 16 N-terminal amino acids were deleted from CCR5. This tolerance of CCR5 NT truncation resembled the unrelated JRFL R5 Env and differed from the related but functionally distinct R5X4 prototype 89.6 Env. In contrast, the majority of R5X4 variants were similar to 89.6, since fusion with CCR5 was greatly impaired by N-terminal deletions (Fig. 2B ). Some Envs displayed little more than background reporter gene expression with the Ϫ12 and Ϫ16 CCR5 mutants, while others exhibited low levels of fusion (20 to 40% of control). However, a few of the 30 R5X4 variants exhibited relatively preserved fusion capacity even when most of the N terminus was eliminated (#3, #25, #33, #35, #37, and #40). Thus, the results with NT truncations are concordant with the chimeric coreceptor data in showing that the R5X4 variants were generally similar in being highly dependent on the CCR5 N terminus and distinct from the R5 variants, which were capable of utilizing CCR5 based on determinants elsewhere in the molecule.
The similarity among the related and unrelated R5 species suggests that they share a structural basis for their interaction with CCR5 and that the ability to use both NT and ECL regions of CCR5 is a characteristic of R5 variants. Similarly, the fact that most R5X4 variants require the NT domain of CCR5 indicates a common structural basis for CCR5 use that requires more-specific points of interaction with CCR5 and is linked to the dual coreceptor phenotype. At the same time, however, the observation that some R5X4 variants tolerate N-terminal deletions fairly well indicates that reliance on the CCR5 N terminus is typical but not an absolute requirement for variants that also use CXCR4.
Effect of CCR5 extracellular domain mutations on 89.6 PI R5 and R5X4 variants. Since the above observations suggested that R5 Envs within the swarm exhibit more flexibility towards CCR5 structure than R5X4 variants, we wished to examine their tolerance of other mutations that might affect coreceptor FIG. 1. Fusion of 89.6 PI Env variants with CCR5/CXCR2 chimeras. Plasmids encoding R5 (A) and R5X4 (B) env genes derived from the 89.6 PI quasispecies were transfected into QT6 cells and then mixed with 293T cells that were transfected with CD4 and the chimeric chemokine receptor. Fusion was determined by luciferase reporter gene expression as an indication of cytoplasmic mixing as described in Materials and Methods. The prototype R5X4 env derived from the 89.6 molecular clone was tested in parallel, along with the unrelated R5 prototype strain JRFL. The CCR5/CXCR2 recombinants were generated at the conserved Cys at residue 20, so that 5BBB contains the CCR5 N terminus on the background of CXCR2 while B555 contains the CXCR2 N terminus on the background of CCR5. Values represent luciferase reporter gene expression as a percentage of that seen with wild-type CCR5 for each env gene and represent means Ϯ standard error of the mean for three independent experiments.
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on October 1, 2017 by guest http://jvi.asm.org/ structure. Previous studies identified several residues that are widely dispersed by primary sequence but which together appear to provide a critical determinant that distinguished between R5 and R5X4 prototypes. In particular, a D11A substitution in the N terminus combined with K197A and D276A substitutions in the second and third extracellular loops, respectively, each had little effect on fusion by the R5X4 89.6 prototype but together abrogate fusion almost completely, while fusion by several different but unrelated R5 prototypes (JRFL, BAL, and SF162) was minimally affected (12) . Consistent with this previous report, the R5 prototype JRFL was minimally affected by the CCR5 D11A/K197A/D276A mutation, while fusion by the R5X4 prototype 89.6 was greatly impaired (Fig. 3) . The R5 89.6 PI variants resembled JRFL and differed from 89.6 in that they retained efficient fusion when these substitutions were introduced (Fig. 3A) . In contrast, nearly all of the R5X4 variants showed dramatically reduced fusion with the D11A/K197A/D276A mutant (Fig. 3B) . These three residues, therefore, appear to define a structural motif critical for fusion by R5X4 variants but not for R5 variants within this swarm. Combined with results from the CCR5/ CXCR2 chimeras and NT deletions, R5 members of the 89.6 PI swarm consistently exhibit greater flexibility towards CCR5 structural changes than R5X4 members of the swarm.
Of note, 2 of 30 R5X4 variants (#37 and #40) retained Ն50% wild-type fusion with this mutant. Both of these Envs were also among the subset of R5X4 Envs that were relatively tolerant of CCR5 N-terminal truncations (Fig. 2B) , suggesting that they are indeed more flexible in their interactions with CCR5. Thus, while R5X4 variants are in general quite limited in their tolerance of CCR5 structural disruption, some spectrum of tolerance does exist, indicating that rigidly constrained 
a At the left is the clone designation (numbers) along with the related R5X4 89.6 prototype and unrelated R5 prototype JRFL. Fusion with wild-type CCR5 for each Env is designated as 100%. Structural determinants are shown as relative fusion with CCR5. Only the CCR5 mutants found to be discriminatory are shown, including Ϫ12 and Ϫ16 N-terminal deletions, chimeras containing either the N terminus (5BBB) or three extracellular loops (B555) of CCR5 on the background of CXCR2, or a mutant CCR5 with Ala substituted at positions 11/197/276. The predicted amino acid sequence is compared with the prototype 89.6 sequence in V3 loop charge, V1/V2 region length, and differences in predicted N-linked glycosylation (glycos) sites along with location of glycosylation site divergence. aa, amino acids.
b Relative fusion using CXCR4 and CD4 compared with CCR5 and CD4. c Fusion relative to wild-type CCR5 defined as the following: ϩϩϩ, Ն50%; ϩ, 25 to 50%; Ϫ, Ͻ25%. d ϭ, no difference in V1/V2 length or V1-C5 glycosylation site pattern compared with the 89.6 prototype Env. on October 1, 2017 by guest http://jvi.asm.org/ interaction with CCR5 is not an absolute requirement for dual CCR5 and CXCR4 utilization. Use of CXCR4 determinants by 89.6 PI variants. Since R5X4 variants in the swarm appeared to be particularly dependent for fusion on the N-terminal domain of CCR5, we determined which regions of CXCR4 might be important for fusion. Previous studies have suggested that the ECL domains appear to have a dominant role in the context of human-murine CXCR4 and human CXCR4/CXCR2 or CXCR4/CCR5 chimeras (4, 13, 25, 27) , although both the NT and ECL regions are important in some circumstances (5, 8, 20, 29) . In addition, while there are strain-dependent differences in structural determinants of CXCR4 use (29) , patterns linked to the X4 versus R5X4 phenotypes have not been identified (20) . We employed a series of chimeras in which equivalent regions of CXCR4 were exchanged for sequences from CXCR2, which is not used by HIV-1 for fusion (Fig. 4A) . Chimera 2444 contains the N-terminal domain of CXCR2 in the background of CXCR4, while 2442 contains the first and fourth extracellular domains of CXCR2. All of these molecules were expressed at similar levels based on mean fluorescence intensity and percent positive cells by flow cytometry using the CXCR4 monoclonal antibody 12G5, which recognizes the extracellular loop regions (25) . We were unable to achieve efficient expression of a molecule containing the CXCR4 N terminus introduced into CXCR2 (4222; data not shown), and so we tested another chimera that had been generated between human and rat CXCR4 (5) . This molecule (4RRR) contains the N terminus of human CXCR4 on the background of the rat molecule. This chimera was also expressed at a level similar to that for wildtype CXCR4 based on fluorescence-activated cell sorter staining with 4G10, which recognizes the N-terminal domain of CXCR4 (7) (data not shown) . To analyze these chimeras we selected three R5X4 variants from the 89.6 PI swarm (#2, #12, and #50). We also analyzed Env #22 as the most "X4-like" of the R5X4 variants, since in initial studies with coreceptortransfected QT6 cell line targets it appeared to be restricted to CXCR4, although subsequently it was found use CCR5 in primary cells (31, 32) . In parallel we tested the X4 prototype Env 3B along with the 89.6 R5X4 prototype.
As shown in Fig. 4A , all of the R5X4 89.6 PI Env variants retained Ն50% of wild-type fusion when the N-terminal CXCR4 domain was replaced with CXCR2 sequences (2444). Replacing both the N-terminal and fourth extracellular domains with CXCR2 sequences reduced fusion to less than 50%, but it was still detectable above background levels (2442). Similar patterns were seen for 3B and for the 89.6 prototype. This result indicates that the N terminus of CXCR4 is not essential for fusion by these isolates. We then tested the human-rat CXCR4 chimera (Fig. 4B) . Introduction of the human CXCR4 N terminus onto the rat molecule (4RRR) did not confer fusion capacity for any of the Envs, indicating that it is not the principal determinant of fusion for R5X4 or X4 HIV-1 Envs and supporting the importance of the ECL domain of CXCR4 for these variants.
Genetic basis for CCR5 utilization among 89.6 PI -related variants. Multiple sequence determinants have been linked to HIV-1 tropism, the syncytium-inducing (SI)/non-syncytium-inducing (NSI) phenotype, coreceptor choice, and/or disease progression in vivo. These determinants include polymorphisms in V1/V2, charge-altering changes in V3, sequences in C4-V5, and glycosylation site alterations. In a previous analysis we found that coreceptor choice was not associated with any specific V3 sequence or charge pattern among these env genes (31). Here we determined the full V1-C5 sequences of all env clones and examined whether specific patterns could be associated with the structural requirements for CCR5 interaction.
As shown in Table 1 , the 89.6 R5X4 prototype Env displays a relatively high positive V3 charge that is characteristic of CXCR4-using strains. There was relatively little variation in V3 charge among these clones, and no V3 charge pattern was linked either to relative dependence on the CCR5 N terminus, sensitivity to extracellular domain mutations, or other features (Table 1) . Similarly, there were only modest differences in N-linked potential glycosylation sites, and these did not appear to be related to specific structural determinants of CCR5 use. Interestingly, eight of the clones exhibited a two-amino-acid insertion in the V2 region. Differences in V1/V2 length have been associated with disease progression and viral phenotypic evolution in vivo, although longer V2 sequences have been linked to both nonprogressor/NSI status (26) and, conversely, to the NSI-SI transition and disease progression (19) . In our study, the V2 length polymorphism was seen in a similar proportion of R5 (25%) and R5X4 variants (23%), and there was no association with relative dependence on the CCR5 NT or sensitivity to structural modification of the extracellular regions. Thus, neither V3 charge pattern, gain or loss of specific N-linked glycosylation sites, nor V2 length polymorphism appeared to directly define the structural basis of CCR5 utilization among these envelopes.
DISCUSSION
The evolution of HIV-1 coreceptor tropism in vivo from NSI/R5 to SI/R5X4 is a critical event in pathogenesis, as it is closely associated with (10, 21, 22) and may be a cause of (2, 6, 17) accelerated disease progression. As a result, the molecular anatomy of coreceptor evolution has important implications for pathogenesis. In this study we took advantage of a set of closely related but functionally distinct Env variants cloned from an HIV-1 primary isolate swarm in order to examine the relationship between coreceptor phenotype and relative dependence on specific CCR5 structural elements. This viral swarm contains both R5 and R5X4 variants that display a high degree of genetic relatedness (97% amino acid homology) and likely represent different stages of virus evolution in vivo (31) . Here we show that R5 variants are uniformly flexible in their use of CCR5, similar to unrelated R5 HIV-1, and can utilize elements in either the NT or ECL domains of the molecule. In contrast, the related R5X4 variants from the same swarm are largely dependent on an intact N-terminal region and are generally much more restricted in their ability to tolerate disruptions of CCR5 structure. Thus, both related and unrelated R5 variants appear to share a highly plastic ability to interact with CCR5, while the acquisition of CXCR4 use is associated with more-constrained interactions with CCR5 that are especially dependent on the NT region. By analyzing functionally distinct Envs from a single infected individual, our results suggest that these patterns reflect an evolution of Env-coreceptor interactions that occur in vivo during viral evolution from R5 to R5X4.
The CCR5 and CXCR4 domains that interact with gp120 and contribute to fusion and entry are complex, and multiple points of contact appear to be involved (reviewed in reference 15). Further complicating the issue is the fact that different types of mapping studies have been done, including studies with recombinants between human and nonhuman molecules, recombinants between human chemokine receptors that differ in their ability to function as a coreceptor, substitutions, deletions, and other mutations. Importantly, the determinants identified differ depending on the type of mutation introduced or chimeric partner, and each type of analysis has important limitations. Chimeras cannot distinguish between regions that are not involved in fusion and those that are involved but share sufficient structural homology to support fusion, while other mutations may disrupt overall structure and affect sites distant from the specific change introduced. For that reason we chose to study a large panel of Env variants and examine their overall patterns of coreceptor domain utilization and relative flexibility towards changes in CCR5 structure, employing a combination of chimeras, deletions, and substitution mutations.
Despite the complexity and limitations of chemokine receptor mapping, studies employing genetically unrelated strains have suggested that R5 and R5X4 Envs differ in their reliance on specific CCR5 regions. In particular, R5 variants seem to have redundant CCR5 determinants involving both the NT and ECL regions, while R5X4 variants are less flexible and require the CCR5 NT but can interact with the ECL domain of CXCR4 (12, 25, 30) . This led to the suggestion that R5-to-R5X4 evolution results from changes in how Env interacts with CCR5, in that R5 variants interact with multiple CCR5 regions and strong interactions with the CCR5 NT are retained while interactions with the CCR5 ECL domain are replaced with the ability to utilize the ECL of CXCR4 (25) . Our findings here lend support to this hypothesis, since naturally occurring R5 variants of 89.6 were similar to unrelated R5 strains in exhibiting flexible and redundant NT and ECL-dependent CCR5 interactions, while their related R5X4 species demonstrated more-restricted NT-dependent CCR5 interactions but ECLdependent interactions with CXCR4.
We found a critical role of the CCR5 NT for R5X4 Envs, but this result does not imply that other regions of CCR5 are not involved in coreceptor function for these Envs or that the CCR5 NT is completely dispensable for R5 variants. For example, while the CCR5 NT is sufficient to confer function when placed into the background of CXCR2 in these studies, it alone is not sufficient when placed into the background of murine CCR5 (3) . Similarly, even though the R5 variants tolerated deletion of up to 16 N-terminal amino acids, it has been shown that N-terminal peptides of CCR5 bind to R5 gp120/ CD4 complexes and can inhibit CCR5 utilization by these variants (11) . Furthermore, the D11A/K197A/D276A triple mutation disrupted fusion by R5X4 89.6 PI variants, but even a D11A mutation in the CCR5 NT region had a significant effect only when combined with K197A/D276A mutations in the ECL 2 and 3 domains (12) . Thus, the ECL domains clearly interact with the NT region to support coreceptor function as well. Nevertheless, our data show that these related variants differ in their relative dependence on these regions and in overall tolerance of structural disruption.
The R5X4 variants in this swarm were particularly dependent on the ECL regions of CXCR4 for function and did not require the CXCR4 NT in the context of CXCR4/CXCR2 chimeras. This was opposite from their use of CCR5 determinants, which were critically dependent on the NT in the background of the same chimeric partner. However, other studies have demonstrated that the CXCR4 NT plays a role in fusion and entry by some X4 and R5X4 Env variants (5, 20, 24, 29) . Whether our finding that the CXCR4 NT plays a minor role in the context of CXCR2 chimeras reflects structural homology between the NT of these coreceptors or other factors, it remains clear that the CXCR4 ECL domains play a critical role for fusion by each of these variants. Of note, whether evolution from R5X4 to X4 is associated with systematic changes in the basis for CXCR4 utilization patterns is unknown, since strainspecific differences in CXCR4 use have not been linked to coreceptor phenotype (5, 29) . The absence of pure X4 variants within our swarm preclude using this panel of Envs for such an analysis.
Although the R5X4 variants were generally much less tolerant of CCR5 structural changes, a small minority were relatively flexible in their use of CCR5. This result indicates that highly stringent CCR5 structural determinants are typical of R5X4 variants but it is not an absolute requirement for an Env to interact with both principal coreceptors. Given the high degree of diversity that develops in vivo, the fact that highly stringent CCR5 requirements are usually associated with the acquisition of CXCR4 use suggests that other factors in addition to coreceptor interactions are impacting on Env evolution. Whether these factors reflect other aspects of Env function that are not evident in in vitro analysis, or immunological pressures that might put some Env configurations at a disadvantage, remains to be determined.
A limitation of our data is that only one isolate from a single time point was available from the individual from whom 89.6 PI was obtained. We hypothesize that the R5 Envs reflect variants from earlier stages of infection and the R5X4 Envs represent variants that evolve later in disease. However, the limited genetic divergence among these env genes does not enable construction of phylogenetic trees with strong evolutionary significance (31) . Thus, while the association between coreceptor determinants and coreceptor phenotype is clear, a definitive link with evolution in vivo will require the use of sequential isolates from individuals followed over time.
We were unable to correlate specific Env sequences among these variants with the structural basis of CCR5 utilization. The Env determinants of coreceptor choice have been extensively studied, but there is limited information regarding the determinants that regulate which regions of the chemokine receptor are utilized. One study using a set of naturally occurring R5 variants identified a specific amino acid change at the tip of the V3 crown that determined whether an Env required the CCR5 NT or could utilize either the NT or ECL domains in the context of a chimeric chemokine receptor (18) , but no similar motif was present among our variants. Using chimeric Envs and coreceptors, the V1/V2 and V3 regions of the R5X4 prototype DH12 were shown to interact with distinct regions of CXCR4 (24) . We found a relatively frequent two-residue insertion in the V2 regions. Contradictory data have been reported on the relationship between V2 length polymorphisms and coreceptor use or disease status (19, 26) , and we did not find an association between the V2 polymorphism and either R5 versus R5X4 phenotype or with the structural basis for CCR5 utilization. Thus, the molecular determinants within the 89.6 PI Envs that regulate how CCR5 is utilized remain to be determined.
In summary, R5 and R5X4 variants from the 89.6 PI primary isolate swarm differ in how they interact with CCR5. The R5 Envs possess a highly plastic capacity to interact with multiple CCR5 regions, while the R5X4 variants are less tolerant of CCR5 structural changes and more dependent on the CCR5 NT and interact with the CXCR4 ECL domains. These results lend support to the hypothesis that HIV-1 evolution in vivo results from the emergence of R5X4 variants with the capacity to use CXCR4 extracellular loops but less flexible interactions with CCR5 that are strongly dependent on the N-terminal region.
